A reliable dose-response relationship was defined by a sigmoidal curve model. The shape of this curve expresses the change in leaf sensitivity and physiologic state over a prolonged ozone exposure. After the appearance of the first symptoms, foliar injury increased more rapidly than the increases in ozone exposure and ozone absorbed dose; however, when the injury incidence reached 75%, the plant response declined.
Introduction
High concentrations of tropospheric ozone in the Po Valley (Northern Italy) have been reported for the past 15 years, suggesting a general trend toward increasing background concentrations of ozone (EEA 2006 (EEA , 2007 . Ozone critical concentrations are frequently exceeded, and almost all the forest areas in this region are subjected to summer exposures above 20,000 ppb h (Sandroni et al. 1994 , Gerosa et al. 1999 . The negative effects of this pollutant on grasses and woody plant species growing in the region have been examined in several studies , Ferretti et al. 2007 , Gerosa et al. 2004 , 2008 . Traditionally, the effect of ozone on plants is quantified by means of an external exposure index (AOT40, Ka¨renlampi and Ska¨rby 1996) , but increasing evidence suggests that ozone effects can be more accurately described by the actual dose absorbed by the leaves (accumulated stomatal flux (AF ST ), Karlsson et al. 2004 ). The absorbed dose to a large extent depends on the stomatal conductance (Emberson et al. 2000a (Emberson et al. , 2000b , and thus factors causing stomatal closure (such as water shortage) inhibit ozone uptake and, in some cases, may even prevent injury . Under summer drought conditions, similar to that in Mediterranean ecosystems, it is generally assumed that ozone has only a limited effect on vegetation (Bussotti and Gerosa 2002 , Nali et al. 2004 , Paolacci et al. 2007 .
Growth reductions in trees exposed to ozone can only be documented by means of experiments performed over several years in controlled or semi-controlled environments (cf. Karlsson et al. 2007) , or by correlative studies in natural environments (Dittmar et al. 2003 , Muzika et al. 2004 , Karlsson et al. 2006 . However, growth reduction is the result of interactive physiologic and environmental conditions, whereas foliar visible symptoms provide a more immediate response to the absorbed dose of ozone (Gerosa et al. 2008) .
Ozone sensitivity of several species and clones of the genus Populus has been documented (Soldatini et al. 1998 , Bortier et al. 2000 . This sensitivity is attributed to high stomatal conductance, typical of fast-growing tree species. Growth reductions have been documented in poplars in response to ozone treatments (Bortier et al. 2000 ). Early abscission of injured leaves and the consequent reduction in the photosynthesis apparatus are considered among the main causes of reduced overall photosynthesis and growth .
Foliar injuries in the ozone-sensitive poplar clone Populus maximowiczii Henry · Populus berolinensis Dippel (Oxford clone; Schreiner and Stout 1934) have been detected in the previous open-top chamber (OTC) experiments, where this clone was erroneously called Populus nigra L. (Novak et al. 2003 ). Hereafter, the poplar clone Oxford is referred to as poplar. The purpose of our study was to investigate the dose-response relationship between absorbed ozone dose and the onset and the development of foliar symptoms under well-watered and dry conditions. We tested the hypothesis that the development of visible symptoms provides a representation of the physiologic events that influence the foliar response to ozone and alter the leaf sensitivity.
Materials and methods

Experimental setup
The experiment was conducted at the experimental site of the Curno Forest Nursery (45°70 0 N and 9°62 0 E, elevation 242 m a.s.l.) on the northern edge of the Po Valley. The soil type is Typic Paleudalf fine-silty, mixed, mesic according to the USDA classification. In 2002, before the experiment began, soil was mixed and homogenized to a depth of 0.5 m. The site is equipped with OTCs and open plots (OPs) for growing control plants under natural conditions. Descriptions of the OTCs and the climatic conditions of the area have been reported previously , Gerosa et al. 2008 . The experiment comprised two soil water regimes (well-watered (WET) and non-watered (DRY)) and three ozone exposure treatments (50% ambient ozone in charcoal-filtered OTCs (CF), 95% ambient ozone in non-filtered OTCs (NF) and 100% ambient ozone in OP without chambers). The efficiency of ozone filtration in the four CF OTCs is shown in Figure 1 as the hourly average of ambient ozone abatement calculated for the experimental period during April-September 2004.
There were two replicated plots per treatment with two poplar cuttings in each plot. Cuttings of the same clone used in the previous experiments (see Novak et al. 2003 Novak et al. , 2005 Novak et al. , 2007 were supplied by the WSL (Forschungsanstalt fu¨r Wald, Schnee und Landschaft) at Birmensdorf (CH). Poplars were planted in autumn 2002, a year and a half before the beginning of experiments. Because of their fast growth, the plants were coppiced at the beginning of each study year. The well-watered plots received daily irrigation throughout the growing season, beside natural precipitation, to keep the soil close to field capacity. The DRY plots were irrigated only during the first season (2003) Ozone concentrations in each chamber and in the OPs were continuously monitored with an ozone automatic analyzer (Model 1108 RS, Dasibi Italia s.r.l., Milano, Italy) that drew air through sampling points at the center of each plot at 90 cm above ground level. The system was driven and controlled by a computer equipped with an NI-DAQ 6.9 I/O board and the Labview Version 6.1 program (National Instruments, Austin, TX). Simultaneously, all relevant agro-meteorological data from the six plots and from a two-level tower (3 and 6 m) were monitored continuously and were recorded by a Campbell Scientific CR10X data logger equipped with an AM16/32 relay multiplexer and an SDM-SW8A switch closure interface.
Stomatal conductance measurements
Stomatal conductance to water vapor (g W ) was measured with a cycling diffusive porometer (Model AP-4, Delta-T Devices, Cambridge, UK) that determines the time taken for a leaf to release sufficient g W to change the relative humidity in a small chamber by a fixed amount. This time is compared with the measured values of a calibration plate of known resistance to derive the stomatal resistance or the conductance of the leaf (Monteith et al. 1988 ). The instrument was calibrated before each series of measurements. Measurements were recorded weekly from May to September. On each measuring day, care was taken to ensure that the measurements were made over a range of temperature (T), photosynthetically active radiation (PAR), vapor pressure deficit (VPD) and SWC conditions. Stomatal conductance was measured on the median portion of two fully expanded canopy leaves from all plants in each experimental plot. Measurements were performed on leaves growing on the main stem axis, up to 1.5 m from the ground, to avoid measuring the leaves that had sprouted in the same growing season. Values are expressed on a projected leaf area basis. Overall, about 700 measurements were made in each growing season. All the outliers were discarded, as were all measurements that presented a difference > ±1°C between the measurement cuvette temperature and the leaf temperature (cf. Verhoef 1997 , Bragg et al. 2004 ). About 500 valid measurements for each season were retained.
Modeling stomatal conductance
To calculate stomatal fluxes, stomatal conductance was modeled by the classic Jarvis multiplicative approach (Jarvis 1976) :
Maximum stomatal conductance (g max ) for water was determined as the 95th percentile of all valid stomatal conductance measurements, regardless of water supply treatment.
The limiting functions f T , f PAR , f VPD and f SWC , which yield a value between 0 and 1, were characterized by boundary layer analysis, based on the values corresponding to the 98th percentile of relative stomatal conductance (g rel = stomatal conductance value relative to g max ) plotted for each class of values of the environmental variables considered (T, VPD, SWC and PAR). It was thus possible to make the modeling less dependent on the outliers representing the measurements of doubtful quality.
The phenology function (f PHEN ) was considered as a simple on-off function that triggers the sprouting of leaves and their expansion, because this is generally a rapid process in poplar.
Detection of visible foliar symptoms
Visible foliar symptoms were evaluated weekly on all individuals, with reference to the available handbooks and photoguides (Innes et al. 2001) . The date of the onset of first symptoms was recorded and during the following weeks we also determined the number of symptomatic leaves in each individual plant and the percentage of leaf area affected, based on the assessments of two evaluators using a 0-100% sliding scale with 5% steps. For each experimental treatment, we calculated (1) the extent of injury in the plots studied, expressed as a percentage of individuals with foliar injury and (2) the incidence of foliar injury on each individual, expressed as a percentage of injured leaves in relation to the total number of leaves observed.
Calculation of ozone exposure and ozone stomatal fluxes
Ozone exposure was calculated as the cumulative AOT40 index based on average hourly ozone concentrations during sunlight hours:
Ozone stomatal flux was calculated for a top canopy leaf, according to Emberson et al. (2000b) and Karlsson et al. (2000) :
where 1.68 accounts for the difference in diffusivity of water in air compared with ozone. Sublaminar ozone resistance R b;O 3 was obtained by the Unsworth et al. (1984) equation
where the empirical coefficient k was set to a value of 132 (cf. Thom 1975) , d is the mean leaf width, and u is the mean wind speed at the canopy top. For the OPs, u was calculated by an aerodynamical approach from the wind speed profiles recorded at the meteorological tower and from related atmospheric turbulence (u*) and stability parameters (W(L)). Inside each OTC, u was set to the value measured continuously with ceramic anemometers placed at the canopy level. Atmospheric resistance (R a ) was not considered in either the OPs or OTCs, because ozone concentration was measured directly at the level of the top canopy leaves. Within the same water treatment, there was no significant difference between the plants in OPs and the plants in OTCs; therefore, the stomatal conductance model was derived combining all the data acquired from the plants in the different treatments. Boundary layer analysis was used to define the limiting functions ( f PAR , f T , f VPD and f SWC ) of stomatal conductance (Figure 3) . Maximum stomatal conductance (g max ) calculated from field measurements over the two growing seasons was 867 mmol m À2 s
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. The function f PAR that describes the dependence of stomatal conductance on PAR (lmol photons m À2 s
) is
where a represents a species-specific coefficient (0.006 in our parameterization). The f T function is described by
where T represents the temperature of the air near the leaf, the species-specific parameters T opt , T max and T min represent optimal, maximum and minimum temperature, respectively, and b is defined as
If T is > T max or < T min , then the function f T is given the minimum value of 0.1.
The dependency of stomatal conductance on VPD (kPa) is described by the linear function
where c represents the value of VPD at which stomatal conductance reaches its lowest value, established as 0.1, and d represents the value of VPD beyond which stomatal conductance begins to suffer a limitation. If VPD values are lower than d, f VPD is set at 1, whereas when VPD exceeds the value c, f VPD is set at 0.1. Parameters c and d are species-specific. Soil water availability exercises its limiting action according to the following function:
where SWC is the soil water content expressed as a percentage of field capacity, and g and h are coefficients with values 1.0654 and 0.2951, respectively. Table 1 presents all the values of the coefficient of the g max limiting functions defined in this experiment.
The model was evaluated by comparing stomatal conductance measured in the field with stomatal conductance modeled on the agro-meteorologic parameters relating to the top canopy leaves. The model predicts stomatal conductance fairly well, without either underestimating or overestimating it. The regression curve of predicted versus measured hourly means of stomatal conductances (g predicted = mg measured ) had an m coefficient value of 1.021 and an R 2 value of 0.755. ). In both WET and DRY CF conditions, the trees had no visible injury symptoms during the growing season in either study year. Figure 6 shows the progression of symptom incidence (expressed as ratio of number of injured leaves to total number of observed leaves) in OP and NF plants, subdivided according to water regime (WET and DRY). There was a more rapid progression of injury in 2005 than in 2004, especially in the WET plots. By mid-August 2005, injury had reached 100% incidence in both OP and NF plants. Generally, plants in DRY plots had a lower incidence of injury than plants in WET plots and the progression over time was slower. Injury initially affected the lower leaves, and only later extended to the upper part of the crown.
Onset and development of visible symptoms
Dose-injury correlation
The dose-injury relationship was studied based on the visible injury incidence percentage (ratio of symptomatic leaves to total observed leaves) in symptomatic plants, on the date of each sampling, as well as on the AF ST for each Table 1 . Coefficient values of the limiting functions for the stomatal conductance model of poplar. Abbreviations: g max , maximum stomatal conductance to water vapor; PAR, photosynthetically active radiation; T, Temperature; VPD, vapor pressure deficit; and SWC, soil water content.
Parameter
Value Unit individual in the different treatment conditions. This analysis was performed on the combined data from the OPs and NF plots, because the general trend in leaf injury incidence did not differ significantly during the two growing seasons between plants in these treatments ( Figure 6 ). 
where a, b and c are the three fitting parameters, x is the value of stomatal flux and y is the parameter related to visible foliar injury. In our case, a = 1, b = 1300 and c = 0.181456. The curve has a correlation coefficient (R 2 ) of 0.886.
Discussion
The maximum stomatal conductance that we measured was high (g w = 867 mmol m À2 s
À1
) relative to the measurements in other forest species (Ko¨rner et al. 1994 , 1979 , Gravano et al. 2004 . However, it is consistent with the mean value of 630 mmol m À2 s À1 measured with a Li-Cor LI-6400 by Novak et al. (2005) for the same poplar clone, which was higher than the highest mean values that we recorded (511 mmol m À2 s À1 in OTC WET plots; Figure 2 ). Moreover, these high values are consistent with the elevated photosynthetic capacity and rapid growth of the Oxford clone (Novak et al. 2005) , and with the young age of the plants.
In general, the limiting functions f PAR , f T and f VPD were of the same type as the functions reported in the literature (e.g., Emberson et al. 2000b , Karlsson et al. 2000 , Gerosa et al. 2004 , UN-ECE 2004 , whereas the f SWC function was flatter and less steep than the one adopted in similar studies (e.g., Nussbaum et al. 2003, Wieser and . For other species studied at the same experimental site (Gerosa et al. 2008) , the correlation between the decreases in SWC and the reductions in stomatal conductance was nonlinear.
We confirmed that the Oxford poplar clone is highly sensitive to ozone. The accumulated stomatal fluxes at which symptoms of leaf injury first appeared were similar for the different study years and different experimental conditions. In both years, the date of onset of the first symptoms fell between late June and early July. Novak et al. (2005) , studying the same clone, observed a significant reduction in net photosynthetic rate that preceded the onset of visible symptoms of injury. Furthermore, Faoro et al. (unpublished data) , when using the Evans blue staining technique (Keogh et al. 1980) , found that already by late May localized cell death events were observable in the mesophyll: these events were attributable to ozone and, over just a few weeks, developed into visible injury.
Under CF conditions in both WET and DRY plots, the cumulated flux of ozone was higher by the end of the growing season than the value triggering the onset of symptoms in the corresponding NF treatment groups ( Figure 5) ; however, no symptoms were observed in the CF plants in either year. When ozone fluxes accumulate slowly, they are more readily neutralized by the leaf 's defence mechanisms and by the cellular detoxification capacity. Wieser et al. (1998) reported that, in needles of Norway spruce (Picea abies (L.) Karst.) that are exposed to slowly increasing ozone concentrations, ascorbate concentration increased and probably prevented the ozone-induced decline in the photosynthetic machinery.
An analysis of the dose-response curve (Figure 7 ) showed that foliar injury incidence increased over time, in relation to both exposure and dose, and that the shape of the curve was sigmoidal. After the onset of the first symptoms of leaf injury, incidence increased in a linear manner, and faster than the increases in ozone exposure and dose. In this phase, foliar defences are overrun by the rapid expansion of symptoms. Injured cells produce ethylene (Rao and Davis 2001) , which amplifies the response (Nunn et al. 2005) . When incidence reached a value of about 75%, the rate of injury progression slowed and the leaves entered a phase of physiologic decline. This last phase is the expression of a damaged biological system that is no longer capable of reacting to further stimuli. Under these conditions leaves are shed prematurely.
A nonlinear relationship between the negative effects of O 3 and O 3 uptake was also documented for net photosynthesis in Norway spruce by Wieser et al. (2002) , supporting the evidence that the strength of the correlations with O 3 uptake significantly increases when employing a nonlinear dose-response function rather than a linear regression analysis (Matyssek et al. 2007 ).
The final extent of injury incidence in 2005, in both OP and NF poplars, was about 20% lower in DRY treatment groups than in WET treatment groups (Figure 6 ). This percentage difference matched the stomatal dose difference between the two treatment groups by the season's end. Water availability would thus appear to influence the rate of progression of foliar injury, altering the rate of ozone absorption. Stomatal flux is an efficient predictor of the onset of visible injury, at least in the most ozone-sensitive species, thus confirming the findings of the previous studies (Gerosa et al. 2008) .
Establishing the cumulated absorbed dose is not enough, however, to permit the determination of the exact moment at which foliar injury appears. The development of injury over the course of the season to a large extent depends on the changes in the sensitivity and the response potential of the leaves themselves. There are many environmental and physiologic conditions that change leaf sensitivity, thereby altering its responses. The time needed to reach the cumulated dose level is another decisive factor in overwhelming the plant's defence mechanisms.
